suggested that the intermediates in the oxidation of reduced inorganic sulfur compounds by thiobacilli may be sulfenyl derivatives formed by reactions between substrates and thiol or disulfide groups in the bacterial cell. Thiol groups have been implicated in the metabolism of a number of inorganic and organic sulfur compounds (see reviews by Lees, 1960; Vishniac and Trudinger, 1962; Wilson, 1962; Black, 1963) , but, as yet, no experiments indicating that thiols are the sites of attachment for substrate molecules in thiobacilli have been reported. Glutathione, which is required for the oxidation of sulfur by extracts of Thiobacillus thiooxidans (Suzuki and Werkman, 1959) and for the oxidation of thiosulfate by extracts of T. thioparus (Peck, 1960 (Peck, , 1962 , has been assumed to be an electron donor for reductive steps associated with the oxidation of these compounds.
The work described in this paper was an attempt to obtain evidence for participation of thiol groups in the metabolism of thiosulfate and polythionates by the aerobic sulfur autotroph, T. neapolitanus. The results lend some support to the hypothesis proposed by Lees (1960) .
MATERIALS AND METHODS Growth of bacteria. T. neapolitanus (Parker and Prisk, 1953) was grown at 30 C and pH 6 as described previously (Trudinger, 1964c) . (This organism was called Thiobacillus X by Parker and Prisk and by the author in previous publications.) The medium (2 liters) was aerated at the rate of 120 liters per hr. The organisms were washed twice with 0.2 M potassium phosphate (pH 7) before use. Between the first and second washes, the bacteria were aerated for 30 min at 30 C in buffer.
Chemicals. N-ethylmaleimide (NEM), p-chloromercuribenzoic acid (CMB), and iodoacetamide were obtained from Calbiochem. They were used without further purification, and fresh solutions were made daily. Stock solutions of CMB were prepared in 0.1 M tris(hydroxymethyl)aminomethane (Tris), pH 8; Tris prevented a partial precipitation of CMB which occurred when 617 TRUDINGER aqueous solutions of CMB were added to phosphate at pH 7. Mercurochrome (dibromo-hydroxymercurifluorescein disodium salt) was a product of Parke, Davis & Co., Detroit, Mich. Potassium q.-,1%h0-tetrathionate (K2S406) was prepared as described in an earlier paper (Trudinger, 1961b) . Sodium thiosulfate (Na2S203), labeled with S35 in either the inner or outer positions, was obtained from the Radiochemical Centre, Amersham, Buckshire, England. Measurement of oxygen uptake. The reaction mixtures (2.0 ml) contained 200 ,moles of potassium phosphate (pH 7) and the additional material specified later. The reactions were carried out in air at 30 C in 15-ml Warburg flasks shaken at 120 oscillations per min (amplitude, 4 cm). The center wells contained fluted filter paper and 0.2 ml of 2 N NaOH.
Measurement of anaerobic tetrathionate metabolism. The anaerobic metabolism of tetrathionate by T. neapolitanus was followed by measuring the production of thiosulfate (Trudinger, 1964a, b) . The basic reaction mixture (final volume, 5 ml) contained 50,moles of K2S406 and 600 ,moles of potassium phosphate (pH 7). After 30 min of incubation at 30 C under oxygen-free N., 10 ml of 10% (v/v) acetic acid and 1 ml of 40% (w/v) HCHO were added to the incubation mixture, and the thiosulfate was titrated with standard iodine with starch as an indicator. and either (A) 10 iAmoles of Na2S203 or (B) 5,umoles of K2S406 + 1 MAmole of Na2S203 (added to "spark" tetrathionate oxidation [Trudinger, 1964a] ). NEM was added at the concentrations indicated on the graph.
The control contained neither substrate nor NEM. The bacteria were exposed to NEM for 10 min prior to the addition of the substrates. The theoretical oxygen uptakes for the complete oxidation to sulfate of 10 ,umoles of Na2S203 and 5 ,.moles of K2S406 + 1 jimole of Na2S203 are 448 and 437 Aliters of 02, respectively.
The horizontal dotted line shows the theoretical oxygen uptake for the oxidation of 10 Amoles of Na2S203 to tetrathionate. (Starkey, 1935) .
Separation of sulfur compounds by paper chromatography. Solutions to be analyzed were chromatographed on Whatman no. 1 paper with the solvent system, pyridine-acetic acid-n-butanol-water (20:6:30: 24). Thiosulfate and polythionates were detected by spraying the papers with ammoniacal AgNOs, and radioactive areas were revealed by exposing the papers to X-ray film (Trudinger, 1956 (Trudinger, 1964b The initial rate of this reaction was proportional to the concentration of thiosulfate, but the kinetics were complex and were not studied in detail. The reaction product gave an intense red color with alkali, which was similar to, but not identical with, those reported for alkalitreated mixtures of NEM and thiols (Benesch, et al., 1956 ) and of NEM and imidazole (Smyth, Nagamatsu, and Fruton, 1960) . Examination of equimolar mixtures of NEM and S35-Na2S203 by paper chromatography showed that, after 24 hr at 20 C (by which time all of the NEM had disappeared), over 95% of the thiosulfate remained unchanged. Hence, thiosulfate was acting catalytically.
NEM reacted almost instantly at pH 7 with sulfide (Gregory, 1955) and with sulfite; the products of these reactions were not examined.
The spectrum of a mixture of 10 mm K2S406 and 10 mm NEM remained unchanged for 4 hr at 20 C.
Iodoacetamide. Thiosulfate reacts with organic halogen compounds by displacing the halogen to form substituted thiosulfates (Milligan and Swan, 1962) . The reaction between thiosulfate and a number of halogen-substituted acetates was studied by Slator (1905) .
The reaction between iodoacetamide and thiosulfate was followed by the decrease in the absorption at 270 mu due to iodoacetamide (Table  1) . The reaction exhibited second-order kinetics; 1 mole of iodoacetamide reacted with 1 mole of thiosulfate, and iodide was liberated. Paper chromatography, by use of the solvent pyridine-acetic acid-n-butanol-water (20:6:30: 24), showed that the product had an RF of 0.57. Tests with thiosulfate labeled with S35 in either the inner or outer position showed sulfur derived equally from both sulfur groups of thiosulfate in the product. Although it was not further identified, the product was probably thiosulfatoacetamide (03-S-S-CH2-CONH2).
No reaction between iodoacetamide and tetrathionate was demonstrated.
CMB. Complexes between thiosulfate and organo-mercury compounds have been reported (Schellenberg and Schwarzenbach, 1962) . Methyl-mercury thiosulfate, for example, has a considerably higher stability constant than the corresponding chloride and phosphate. Thiosulfato-mercuribenzoate, therefore, might be expected to be formed on the addition of CMB to a reaction mixture containing thiosulfate. Equimolar mixtures of CMB with either inner-or outer-labeled S35-thiosulfate were chromatographed on paper. All the radioactivity moved with an RF of 0.71 (compared with 0.23 for thiosulfate), indicating the formation of a thiosulfate-mercuribenzoate complex. The complex was stable for at least 6 hr at 20 C, and thiosulfate was liberated completely by mixing the complex with an equimolar amount of thioethanol.
Inhibition of thiosulfate and tetrathionate oxidation by thiol-binding reagents. NEM, at 0.1 mM, inhibited tetrathionate oxidation by more than 90% (Fig. 1B) , but had no effect on thiosulfate oxidation (Fig. 1A) . In the presence of 1 mm NEM, thiosulfate oxidation stopped when about 13% of the oxygen required for the complete oxidation of the thiosulfate to sulfate had been consumed (Fig. 1A) ; tetrathionate accumulated under these conditions (Table 2) (Trudinger, 1964a, c) . 4 , except that the bacteria were incubated at 0 C for 5 min with 10 j,moles of Na2S in 5 ml of buffer between the second and third washes; curve 2, same as for curve 1, except that Na2S203 was used in place of Na2S. Each preparation was then tested for thiosulfate-oxidizing activity with 2 mg of bacteria and 10,umoles of Na2S203 . No oxygen was consumed in the absence of Na2S203 . bated anaerobically with the inhibitors (Table  4) .
During oxidation of thiosulfate by T. neapolitanus in the presence of NEM, the medium became yellow within a few minutes, and had a spectrum which was similar to that of mixtures of thiosulfate and NEM which had been standing for several hours. Thus, the bacteria apparently catalyzed the destruction of NEM by thiosulfate. The bacteria alone did not destroy NEM.
Inhibition of the anaerobic metabolism of tetrathionate by thiol-binding reagents. T. neapolitanus metabolizes tetrathionate anaerobically to thiosulfate and other compounds (Trudinger, 1964b) . This reaction was inhibited by NEM, HgCl2, CMB, and iodoacetamide at concentrations of the same order as those inhibiting tetrathionate oxidation (Table 5) .
Effect of NEM and CMB on the thiosulfateoxidizing enzyme. T. neapolitanus contains a soluble enzyme catalyzing the oxidation of thiosulfate to tetrathionate by use of ferricyanide as an electron acceptor (Trudinger, 1961b) . Crude extracts (1 ml) of T. neapolitanus (Trudinger, 1961a) were incubated for 10 min at 30 C and pH 7 with 10 ,umoles of iodoacetamide, NEM, or CMB, and the thiosulfate oxidizing activity was assayed at pH 7 and 5 (Trudinger, 1961a) . In some experiments, the extracts were incubated for 5 min with 2,moles of thioethanol prior to addition of the thiol-binding reagents. No inhibition of the thiosulfate-oxidizing enzyme was found.
Reversal of CMB inhibition by sulfides. T. neapolitanus was treated with CMB, washed with buffer, then washed with a solution containing a sulfide. Inhibition by CMB of thiosulfate oxidation and of anaerobic tetrathionate metabolism was reversed by Na2S and thioethanol, and, to a small extent, by cysteine; but not by glutathione or Na28203 (Table 6 ). Thioethanol and Na2S did not reverse inhibition by NEM.
Protection of bacteria against the inhibitory action of thiol-binding reagents by substrates. T.
neapolitanus was treated with a thiol-binding reagent and then washed with buffer to remove excess reagent. Thiosulfate, added to the bacterial suspensions just prior to the addition of NEM, CMB, or iodoacetamide, prevented the inhibition of thiosulfate oxidation and of anaerobic tetrathionate metabolism by the thiolbinding reagents (Table 7) . The protection was not always complete, particularly in the case of thiosulfate oxidation, which, although proceeding much further than in the case of unprotected bacteria, often did not reach completion; tetrathionate and sulfate were the only compounds which accumulated. The following observations indicate that the protection by thiosulfate was not because of degradation of the inhibitors. (i) Protection occurred when thiosulfate was added at one-quarter to one-half the concentration of inhibitor. (ii) The experiments were carried out at 0 C to reduce the rates of the chemical reactions between thiosulfate and NEM or iodoacetamide (Table 1) . (iii) Thiosulfate prevented inhibition by CMB, which is apparently not destroyed by a chemical reaction with thiosulfate. (iv) Less than 5% of the NEM disappeared during the experiment.
Tetrathionate also prevented the inhibition by thiol-binding reagents when added at one-half the concentration of the reagent. Thioethanol, Na2S, and Na2SO3, at similar concentrations, were not effective. Enhanced oxidation of thiosulfate by bacteria exposed to Na2S or thiosulfate during washing. In some instances, bacteria which had been treated with an inhibitor, together with thiosulfate or a thiol compound, showed higher rates of thiosulfate oxidation than did the untreated controls (Tables 6 and 7) . A similar stimulation of thiosulfate-oxidizing activity was obtained by exposing bacteria briefly to Na2S, thiosulfate, or thioethanol during the washing routine, but not to cysteine or reduced glutathione. The effect of this exposure was to decrease the rate of decline in thiosulfate oxidation by exhaustively washed bacteria. An example with Na2S and thiosulfate is shown in Fig. 2 .
DISCUSSION
The inhibitory effects of thiol-binding reagents reported in this paper show that thiol groups are necessary for the metabolism of thiosulfate and tetrathionate by T. neapolitanus. Under certain conditions, the effects of high oxygen concentrations on thiosulfate and tetrathionate oxidation are similar to those of thiol-binding reagents (Trudinger, 1964a, c) . It is tempting to imagine that oxygen acts by oxidizing thiols to disulfides. The different sensitivities towards inhibitors indicate that the following reactions in intact bacteria require specific thiol groups ( Fig. 1 ; Tables 3, 4): (i) an early reaction in tetrathionate metabolism, (ii) the oxidation of thiosulfate to sulfate, and (iii) the oxidation of thiosulfate to tetrathionate. Ostrowski and Krawczyk (1957) proposed that thiosulfate reacts at a site on the cell membrane which is concerned with the uptake of the substrate into the bacterial cell. Lees (1960) suggested that this site might be a disulfide group which could react with thiosulfate to form a sulfenyl-thiosulfate:
R-S-SR + S203--R-S-S--SO3-+ RS-A chemical reaction between thiosulfate and cystine to form cysteine-S-thiosulfate was reported by Szczepkowski (1958 the inhibitor by the high external concentration of thiosulfate may occur. According to the above equation, under aerobic conditions the thiols on the bacterial cell membrane would be formed from disulfides only on the addition of thiosulfate. This may account for the relatively slight inhibition of the oxidation of thiosulfate to tetrathionate by NEM and iodoacetamide when the inhibitors are exposed to the bacteria in air (Table 4) . Both reagents are rapidly destroyed in reaction mixtures containing thiosulfate, and incomplete inactivation of membrane thiols could result. The greater inhibition resulting when bacteria are incubated anaerobically with NEM or iodoacetamide (Table 4) is presumably because of the reduction of the membrane disulfides by the metabolism of endogenous compounds.
Bacteria treated with CMB remain incapable of metabolizing tetrathionate or of oxidizing thiosulfate to sulfate when they are washed subsequently with thiosulfate (Table 6 ). Moreover, thiosulfate is, by necessity, present in excess in the standard test for thiosulfate oxidation. The thiol groups necessary for tetrathionate metabolism and for the oxidation of thiosulfate to sulfate, therefore, are probably situated internally where thiosulfate may not reach a sufficiently high concentration to compete for CMB.
Under conditions designed to minimize turnover of the substrates, however, thiosulfate and tetrathionate protect the bacteria against inhibition by CMB, NEM, and iodoacetamide (Table 7) . This protection may also be because of the formation of sulfenyl compounds. Thiols react with tetrathionate by displacing either thiosulfate (Foss, 1947) or sulfite (Szczepkowski, 1958) to form sulfenylthiosulfates and the next higher homologues, respectively; a reaction between cysteine and thiosulfate to form cysteine-S-sulfonate and sulfide has been reported (Szczepkowski, 1958) . Vishniac and Trudinger (1962) suggested that the thiosulfate-oxidizing enzyme might remove two electrons from thiosulfate to form an enzyme-bound intermediate which could combine either with another thiosulfate molecule to form tetrathionate, or with a thiol. The sulfenylthiosulfate formed by the latter reaction was assumed to be the normal precursor of sulfate.
The hypothesis of Vishniac and Trudinger (1962) has been extended (Fig. 3) to indicate a possible role of thiol groups in the metabolism of thiosulfate and tetrathionate. The proposed reaction sequence (Fig. 3) accounts for the quantitative oxidation of thiosulfate to tetrathionate in the presence of excess amounts of thiol-binding reagents. The pathway of sulfur during thiosulfate oxidation would be determined by the relative concentrations of thiol groups required for reactions 3 and 4, and could thus be modified by thiol-binding reagents and by oxidation of thiol groups to disulfides. This may account for the incomplete oxidation of thiosulfate in the experiments described in Table 7 and for the influence of oxygen and other factors on the metabolism of thiosulfate and tetrathionate (Trudinger, 1964a, c; Vishniac and Trudinger, 1962) . An exposure to a sulfide during washing often stimulates thiosulfate oxidation by T. neapolitanus (Fig. 2) ; the sulfides may act by maintaining the level of internal thiol groups.
The proposed reaction sequence also provides a possible explanation for the effect of glutathione on thiosulfate oxidation by bacterial extracts. In the absence of glutathione, extracts of thiobacilli oxidize thiosulfate to tetrathionate (Trudinger, 1961b; Hempfling, 1964) ; in the presence of glutathione, sulfide and sulfite, which are subsequently oxidized to sulfur and sulfate, respectively (Peck, 1960 (Peck, , 1962 , are formed. Glutathione may generate the thiol groups necessary for reaction 3 and may subsequently reduce the sulfenyl-thiosulfate to sulfide, sulfite, and thiol. A similar mechanism was proposed by Kaji and McElroy (1959) for the action of thiosulfate reductase in yeast. ACKNOWLEDGMENT The skilled technical assistance of L. Calis is gratefully acknowledged.
